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Because of the rich level structure, long trapping and coherent times, ultra-
cold molecular ions confined in a RF-Paul trap offer an attractive platform
for precision measurements, quantum chemistry and quantum information
processing. However, due to lack of closed transitions, coherent control of
molecular ions at quantum level still remains challenging.
Our group has proposed a scheme for state preparation and detection
of molecular ion [1]. In this proposal a co-trapped atomic ion provides
entropy removal and allows the extraction of molecular state information.
This method is expected to be applicable to a wide range of molecular ions
and could achieve non-destructive state detection.
In this dissertation, I present our experimental apparatus for imple-
mentation of this scheme. Single atomic ion (171Yb+) and molecular ion
(SiO+) are trapped in the same trap. We have built our ion trap. Laser
system for coherent manipulation of 171Yb+ has been developed. In addi-
tion, for efficient rotational cooling of SiO+, a femtosecond pulse shaping
device using spatial light modulator is set up, whose resolution is measured
by a home-made spectrometer.
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1.1 From trapped atomic ion to molecular
ion
The last few decades have seen significant experimental advances in trapped
ion systems. Numerous state of the art techniques have been developed for
cooling and manipulation of atomic ions confined in a radio-frequency Paul
trap. Three dimensional laser cooling to motional ground state has been
experimentally realised [2]. Moreover, scientists have successfully synthe-
sized novel quantum motional states such as coherent state, squeezed state
and Schro¨dinger cat superposition state [3, 4]. In addition, due to their
long storage times and nearly perfect isolation from environment, which
lead to excellent coherent property, trapped ion system is considered as
1
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a promising candidate for quantum information processing. Fundamental
logic gates for quantum computers have been demonstrated in atomic ion
systems [5]. Advanced micro-fabricated ion traps also pave the way for
large scalable quantum computation [6].
Not only atomic ions, trapped molecular ions also arouse great interest
around the world recently because of their rich energy level structure [7–9].
Compared to atoms, molecules have additional internal degrees of freedom.
Typically their motion can be categorized into three types: translational,
vibrational and rotational motion. The last two types of motion are absent
in atoms. For diatomic molecule, the existence of vibrational motion comes
from the fact that atoms in the molecule may oscillate along the internu-
clear axis owing to the Coulomb interaction between the nuclei. Moreover,
the rotational motion of the whole molecule along the line perpendicular
to internuclear axis complicates the energy structure even further. These
unique properties of molecule associated with the advantages of trapped
ions system make molecular ions particularly attractive for following appli-
cations:
• Test of fundamental theories
For long time it has been suspected that some fundamental constants
might drift with time or position [10–13]. Ultracold trapped molecular
ions provide an ideal platform for precision measurements and test
2
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of fundamental theories. For instance, the rovibrational transitions
in molecules can be used to test the variation of proton to electron
mass ratio mp/me, which is very challenging for atomic systems due to
lack of nearly degenerate levels that manifest different dependency on
proton and electron masses (e.g., rotational and vibrational states).
• Ultracold chemistry
At ultralow temperatures, some novel quantum effects might arise in
chemical reactions [14]. It is intriguing to manipulate molecules and
control chemistry processes at quantum level.
• Quantum information processing
Molecules have been considered as potential candidates for the phys-
ical realization of quantum computers. Some rotational states might
be suitable for storage of quantum information due to their long life-
times [15]. Besides, the interaction of electric dipole moments of
diatomic molecules offers an alternative approach to realization of
quantum gates and quantum information processors [16]. In addi-
tion, hybrid quantum system where molecules are integrated with
superconducting resonators and serve as memories for the supercon-




Even though there has been rapid progress in the techniques of manip-
ulation of atomic ions, coherent manipulation of molecular ions still remain
challenging. It is hard to find closed transition in molecules, thus traditional
methods for trapped atomic ions cannot be directly applied to molecules.
One approach to efficient cooling of translational motion of molecular ions
is sympathetic cooling [18]. Excitation of external degrees of freedom can
be removed through the collision and kinetic energy exchange with laser
cooled atomic ions in the same trap. However, sympathetic cooling cannot
efficiently cool down the internal degrees of freedom of molecular ions.
Recently several groups have successfully prepared molecular ions in the
rovibrational ground state with high state purity. One approach is optical
pumping assisted by a black body radiation [8, 9], which is particularly suit-
able for polar molecular ions where the strong couplings between infrared
photons from a black body radiation background and rotational states of
molecules exist. By contrast, another method - threshold-photoionisation
[19] is more attractive for apolar molecular ions.
As for state detection, resonance-enhanced multiphoton dissociation
(REMPD) spectroscopy has been widely adopted [20]. However, in this
method, molecular ions are dissociated during detection. Therefore, reload
of molecular ions after every experimental cycle is required.
4
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1.2 Our project for manipulation of single
molecular ion
Our group has proposed a new method for quantum state preparation and
detection of molecular ion [1, 21]. The molecular ion is confined in the same
ion trap with an atomic ion. Sympathetic cooling with atomic ion could
prepare molecular ion in the translational motional ground state. Owing
to the Coulomb interaction, both ions share same motional modes. These
common modes of motion can work as ‘quantum information buses’ linking
the two ions. Quantum logic spectroscopy [22] offers the technique which
transports the information stored in molecular ion to atomic ion through
this ‘information bus’. First the molecular internal state is mapped to one
of the common motional modes. Then this motional mode is mapped to
the atomic state. Therefore, the information about the internal state of the
molecular ion could be revealed by detecting the state of atomic ion without
destroying the molecular ion. Using similar technique and procedure, it is
also possible to transfer the entropy from the internal degrees of freedom
of molecular ion to the common motional mode. The excited phonons can
be removed by cooling the co-trapped atomic ion. This cooling scheme
might be applicable to both polar and non polar molecules. Stimulated
two photon Raman transitions driven by a frequency comb [23] are used to
couple the spins to the common motional state. The details of our proposal
5
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will be described in Chapter 2.
For experimental implementation of this proposal, the atomic ion and
molecular ion used in our group are 171Yb+ and 28Si16O+, respectively.
171Yb+ has 1/2 nucleus spin, which simplifies its state preparation and
detection. 28Si16O+ has following advantages for this experiment: Firstly,
the absence of hyperfine splitting simplifies its energy structure (Figure
1.1). Secondly, the transition wavelengths of X2Σ+ ↔ B2Σ+ in SiO+
and 2S1/2 ↔2 P1/2 in 171Yb+ are close to each other, which allows using
the same wavelength to drive stimulated Raman transitions for both ions.
Thirdly, the large separations between vibrational levels make sure SiO+ is
already in the ground vibrational state at room temperature. Finally, the
X2Σ+ ↔ B2Σ+ transition is nearly closed and its R branch (J → J + 1)
and P branch (J → J − 1) are spectrally separated very well, which allows
rotational cooling of SiO+ by optical pumping with spectrally shaped light
[24].
1.3 Outline of the thesis
My master work is mainly focused on building the experimental platform
for this project. Our experimental apparatus will be described in this dis-
sertation. The thesis is organised as follows:
6
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Figure 1.1: Energy structure of SiO+
• Chapter 2 provides the theory background related to our experiment.
The basic knowledge about ion trap and our proposal for manipula-
tion of molecular ion are detailed in this chapter.
• Chapter 3 presents the design of our ultra high vacuum system and
the ion trap.
• Chapter 4 describes the laser system for coherent manipulation of
171Yb+.
• Chapter 5 provides the details of our optical pulse shaping setup for
rotational cooling of SiO+. In order to measure the spectrum of the





In 1842, British mathematician Samuel Earnshaw stated that charged par-
ticles cannot be confined in free space solely by electrostatic field. This
is because in free space the electric potential φ(r) satisfies the Laplace’s
equation ∇2φ(r) = 0, which means there is no minimum or maximum in
this potential, only saddle point. Therefore particles can not be stable in
three dimensions.
One way to confine ions is Paul trap, named after its inventor Wolfgang
Paul [25]. Besides static electric field, radio frequency (RF) oscillating field
is also employed in the trap. Based on the electrode configuration, there
are different types of Paul traps. The trap used in our group is linear trap.
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It consists of four parallel rods and two needles, as illustrated in Figure 2.1.
Figure 2.1: Schematic depiction of linear ion trap. Static voltage U0
applied to the two needles and RF alternating field applied to the rods
provide confinement along z direction and x-y plane, respectively.
In order to trap a positively charged particle, positive DC voltage U0
is applied to the two needles, which provides the confinement along z di-












(x2 + y2)], (2.1)
where κ is a geometrical parameter, z0 is the distance between two needles,
q is the charge of ion, m is the mass of the particle, ωz =
√
(2qκU0)/(mz20)
is the axial frequency for single ion.
In x-y plane, oscillating electric voltage Ucos(ωrf t) and a DC voltage
V are applied between two diagonally opposite rods. Near center of the
9
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trap, the total electric potential can be expressed as [26]:
φ =
(V + Ucos(ωrf t))
2r20




(x2 + y2)] (2.2)
where r0 is the distance from the trap axis to the surface of the rod.












































+ (au + 2qucos(2τ))u = 0 (2.5)

























In the solution of Mathieu equation, there exists a small area in the a-q
parameter plane (Figure 2.2) where the amplitudes of ion oscillations are
limited along both x and y directions. In this region ions are stable in the
trap and the oscillating electric field provides the confinement in x-y plane.
10
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In typical realization of an ion trap where a << q2 << 1, solution of
Equation 2.5 can be expressed as [26]:
u = Aucos(ωut)(1 +
qu
2
cos(ωrf t) + . . .) (2.6)
where u = x, y, ωu =
βu
2





<< 1, Au depends on the
initial conditions. The relatively slow oscillation at frequency ωu is usually
called secular motion. And the relatively small amplitude oscillation at
frequency ωrf is called micromotion.
Figure 2.2: Stability diagram for a linear trap [27]
In the limit a << q2 << 1 and V ≈ 0, if the micromotion can be
neglected, the ion can be treated as if it were trapped in an effective pseudo
11






2 + y2) (2.7)
where ωr ≈ qU/(
√
2mr20ωrf ) is the radial frequency for a single ion. Typ-
ically ωr >> ωz, so the confinement in radial direction is much stronger
than that in axial direction, resulting in a string of ions in the ion trap.
Above is the classical treatment of ion trap. For a single ion confined
in the RF-Paul trap, its translational motion can be regarded as quantum





where n = 0, 1, 2, 3, . . ., i = x, y, z.
2.2 Manipulation of internal and motional
states of trapped ion
The coherent manipulation of internal states and motional states can be
realized by two photon stimulated Raman transition. Typically it is realized
in a Λ system shown in Figure 2.3. Two low lying ground states | ↑〉 and
| ↓〉 are coupled by two phase locked light fields whose frequency difference
12
Chapter 2. Theory Background
ω = ωL1−ωL2 matches the splitting of the two ground state ω0, i.e., ω = ω0.
Besides, each beam is near resonant to a short-lived excited state |e〉, but
with sufficient detuning ∆ to make sure the population in excited state
|e〉 is negligible. The two-photon transition creates an effective two-level
system between the two ground states | ↑〉 and | ↓〉 [26, 27], with an effective





(| ↓〉〈↑ |+ | ↑〉〈↓ |)(ei(~k·~x−ωt+φ) + e−i(~k·~x−ωt+φ)) (2.9)
as long as we identify the effective wavevector ~k = ~k1 − ~k2, effective fre-




~kα, ωα, α = 1, 2 are the wavevectors and
frequencies of the two light fields, respectively. gα, α = 1, 2 are the single
photon Rabi oscillation frequencies for |g〉 ↔ |e〉 transition.
The two photon Raman transition provides a way to couple the mo-
tional states to the atomic (or molecular) internal states. If the frequency
difference of the two light fields satisfies following relation:
ωL1 − ωL2 = ω0 ± nν (2.10)
where n is an integer, ν is frequency of one of the common motional modes,
the transition not only flips the spin, but also adds or subtracts n phonons
13
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Figure 2.3: Schematic depiction of two photon Raman transition in Λ
system.
from the motional mode. To characterize the strength of this coupling, the
Lamb-Dicke parameter is introduced:
η = kxx0 (2.11)
Here, kx is wavevector along the oscillation direction of the common mo-
tional mode, x0 =
√
~/(2m) is the ‘size’ of the the ground state wave
function. By properly arranging the directions of the two beams, kx can be
tuned to a large number, which leads to a strong coupling between the spin
and the motional mode. There are three types of transitions we usually
drive:
(1) n = 0 is the carrier transition. This transition just flips the spin
and does not change the motional state. It drives the transition between
14
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| ↓〉⊗ |n〉 and | ↑〉⊗ |n〉.
(2) n = 1 is the blue sideband transition. It drives the transition
between | ↓〉⊗ |n〉 and | ↑〉⊗ |n+1〉. The transition Rabi frequency equals
to Ω0η
√
n+ 1, where Ω0 is the Rabi frequency of the carrier transition.
(3) n = −1 is the red sideband transition. It drives the transition
between | ↓〉⊗ |n〉 and | ↑〉⊗ |n− 1〉. The Rabi frequency is Ω0η√n.
2.3 Stimulated Raman transition by frequency
comb
Although continuous wave (CW) fields can be used to drive the stimu-
lated two photon Raman transition, an alternative approach using ultra-
fast mode-locked laser provides greater flexibility in addressing the states
of molecular ions [23]. A mode-locked laser generates a frequency comb,
with equal comb-teeth spacing separated by the repetition rate νrep. If the
beat-note between two certain comb teeth, say mth and (m + n)th tooth,
coincides with the frequency splitting ∆ω between two quantum states, i.e.:
nνrep = ∆ω (2.12)
the stimulated Raman transition will be driven.
15
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Due to the even spacing of the frequency comb, there exists a lot of comb
teeth which satisfy the Equation 2.12 for the same integer n. They drive
transitions between the same quantum states. All the indistinguishable
paths are constructively added together and enhance the stimulated Raman
transition between the two states.
In order to couple the motional states to the internal states, two non-
copropagating beams derived from the same mode-locked laser are focused
on the ion. The optical path difference between the two beams should
be less than cτ , where τ is the pulse duration. The stimulated Raman
transition will be driven if the condition
Nνrep ± νAO = ∆ω (2.13)
is satisfied. Here N is an integer, νAO is the offset frequency difference
between the two beams caused by acousto-optic modulators placed in each
beam. By tuning the repetition rate and the offset frequency difference,
any energy separation within the bandwidth of the mode-locked laser can
be addressed. Therefore, we prefer to use frequency comb rather than CW
laser to drive Raman transitions in our experiment.
16
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Figure 2.4: Schematic depiction of stimulated Raman transition driven
by a frequency comb.
2.4 Laser cooling of atomic ion
One application of stimulated Raman transition is sideband cooling, which
can cool down atomic ion to the motional ground state. For cooling start-
ing from room temperature, the sideband cooling is usually preceded by
another stage of cooling - Doppler cooling.
(1) Doppler cooling
During Doppler cooling, light whose frequency is slightly red detuned
from an electric dipole transition is focused on the atomic ion. Each time
the ion is excited and absorbs one photon, its momentum changes by ~~k,
where ~k is the wavevector of the photon. Due to Doppler effect, ion will
absorb more photons if the ion and photons move towards each other,
17
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resulting in decrease of ion’s velocity. Moreover, spontaneous emission in
random directions leads to zero average momentum recoil kicks. Hence
atomic ion is slowed by the laser beam. Different from neutral atom, the
strong confinement of ion in RF-Paul trap ensures the couplings between all
three directions of ion’s motion, therefore only one cooling beam is required.
Doppler cooling can not cool down atomic ion to motional ground state.
This is because the random kicks during spontaneous emission also cause a
random walk in momentum space, resulting in a heating effect. The balance
between cooling and heating rates determines the minimum temperature






(1 + ξ) (2.14)
where Γ is the decay rate of excited state, kB is Boltzmann’s constant, s =
2Ω2/Γ2 is the saturation parameter (Ω is the on-resonance Rabi frequency),
ξ = 2/5 for dipole radiation. This temperature can be achieved only if the
laser detuing ∆ = Γ
√
1 + s/2 [27].
(2) Sideband cooling
After Doppler cooling, the average phonon number n¯ > 1, so addi-
tional cooling is required. Sideband cooling typically occurs in a Λ system
(Figure 2.3). The red sideband stimulated Raman transition between the
two low lying states | ↑〉 and | ↓〉 is driven. Every cooling cycle includes
18
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a red sideband transition from the state | ↓〉⊗ |n + 1〉 to | ↑〉⊗ |n〉 and
a spontaneous emission on carrier transition from | ↑〉⊗ |n〉 to | ↓〉⊗ |n〉
1[27]. The dark state of the cooling process is the ground motional state
|n = 0〉.
The photon recoil kicks during spontaneous emission contribute to the
heating effect. The balance between cooling and heating processes deter-
mines the average phonon number after sideband cooling:
n¯ ' [γ/(2ν)]2  1 (2.15)
where γ is the decay rate of state | ↑〉, ν is the motional mode frequency.
2.5 State preparation and detection of molec-
ular ion SiO+
In our project, single 28Si16O+ and 171Yb+ are confined in the same trap.














1Because Lamb-Dicke parameter η  1, other sideband decay channels can be ne-
glected to lowest order in η. Therefore ion will primarily decay on the carrier transition.
19
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where ωSiO+ is the trapping frequency of SiO
+, µ = mY b+/mSiO+ > 1 is
the mass ratio between atomic and molecular ion. The normal motional
modes can be cooled down to ground state by sideband cooling. At room
temperature, SiO+ is already in the ground state of vibrational motion
X2Σ+(ν = 0). Hence, our project mainly focuses on rotational state cooling
and detection.
• Cooling scheme
For 171Yb+, the two hyperfine states | ↑〉 = 2S1/2|F = 1,MF = 0〉
and | ↓〉 = 2S1/2|F = 0,MF = 0〉 form the qubit. We label the
system state as |j〉⊗ |n〉⊗ |spin〉, where j is the quantum number
of molecular rotational state, n is the phonon number of the common
motional mode, |spin〉 refers to the qubit states of 171Yb+. Initially,
171Yb+ is prepared in its internal and motional ground state and the
entire system can be expressed as |J〉⊗ |0〉⊗ | ↓〉.
In the next step, the red sideband transition between molecular ro-
tational states will be driven. Since the ions are still in the ground
motional state, transitions from |J〉 to |J−2〉 will be driven. However
transitions from |J − 2〉 to |J〉 are forbidden by the energy conserva-
tion, because there is no way to remove phonon from |J − 2〉⊗ |0〉
state. The phonon generated by the red sideband transition can be re-
moved by sideband cooling technique [29]. After the whole cycle, the
20
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system state is transferred to |J − 2〉⊗ |0〉⊗ | ↓〉 and the molecular
angular momentum decreases.
After repeating last step many times, molecular ion will be driven to
the dark states with rotational quantum number J = 0 or J = 1.
• State detection
The principle of state detection is similar to the cooling method. The
common motional mode is prepared in the ground state. In order
to distinguish whether molecule is in state |J − 2〉 or |J〉, first the
red sideband transition is driven between the two states. Only if the
molecular ion is in |J〉 state, the common motional mode will be ex-
cited through the transition |J〉⊗ |0〉 → |J − 2〉⊗ |1〉. In order to
detect the phonon, we can drive the red sideband transition between
the internal states of the atomic ion. The atomic ion is initially pre-
pared in | ↓〉 state. It will remain in the state | ↓〉 in the absence of
phonon, but will be driven to state | ↑〉 if the phonons are present.
Then the atomic state can be detected by standard fluorescence tech-
nique with high fidelity [27]. In summary, the rotational state of
SiO+ is first mapped to the common motional mode, and then to the




3.1 Ultra high vacuum system
Trapped ion experiments are typically performed in ultra high vacuum
(UHV) environment. The ultra low pressure is crucial because collision
with residual background gas would shorten the trapping time, heat up
ions and induce chemical reactions between trapped ions and background
gas. The pressure in our vacuum chamber is as low as 1×10−11 Torr, which
is good enough for typical ion trap experiments.
Figure 3.1 shows our vacuum system. The spherical octagon chamber,
which contains our ion trap, is connected to vacuum pumps by a 4-way
standard cross (Kurt Lesker C-0275). An ion pump (VacIon Plus 20 Starcell
Pump) is connected to the cross by a standard tee (Kurt Lesker T-0275).
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There is an ion gauge (Varian UHV-24P) inside the vacuum system to
measure the chamber pressure. Inside the full nipple (Kurt Lesker FN-
0450) is our titanium sublimation pump (TSP), which allows us to achieve
lower pressure, when accompanied by the ion pump. At the initial pumping
stage, a turbo pump (HiCube 80 Classic) is connected to the system. After
finishing pumping and baking, the valve is closed and the turbo pump is
disconnected from the chamber.
(a) (b)
Figure 3.1: Vacuum system in our group. (a) 3D-CAD drawing of our
vacuum system (b) Experimental setup
3.1.1 Inspection, pre-cleaning and pre-baking
Vacuum components should be carefully inspected after unpacking. Scratched,
bent or cracked components should not be used in vacuum system. Con-
Flat (CF) flanges are used in our experiment. The knife edges of flanges
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should be checked to make sure they are not damaged. Besides, obvious
contaminations should be removed before ultrasonic cleaning.
In construction of a vacuum system, stainless steel is widely used be-
cause of its low outgassing, cleanability and bakeability. After inspection,
all the stainless steel pieces, like crosses, tees, blanks, nipples are recom-
mended to be pre-cleaned and pre-baked. Baking can form a chromium-
oxide layer on the surface of stainless steel which reduces outgassing of
hydrogen. In our group, the pre-cleaning procedure is followed as below:
1. Ultrasonically clean in detergent (Decon 90) for 30 minutes.
2. Ultrasonically clean in distilled water for 30 minutes.
3. Blow off residual water on the component surface with clean air or
nitrogen.
4. Wrap in clean aluminium foil.
Once the pieces are dry, we can start baking. Wrap heating tapes around
component surfaces and keep temperature around 250 ◦C by controlling
the current through the heating tapes. All the pieces are covered with
fibreglass, which severs as thermal insulation. After two weeks of baking,
the stainless steel components become shiny brown colour, which shows the
formation of chromium-oxide layer.
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3.1.2 Cleaning
Proper cleaning is important to achieve a good pressure. The stainless steel
components are cleaned with following steps:
1. Ultrasonically clean in distilled water for 30 minutes.
2. Ultrasonically clean in detergent (Decon 90) for 30 minutes.
3. Ultrasonically clean in distilled water for 30 minutes.
4. Ultrasonically clean in pure acetone for 30 minutes.
5. Wrap in clean aluminium foil.
3.1.3 Assembly
Once all the parts are cleaned, it is suggested to assemble them as soon
as possible. Before assembly, check if enough gloves, aluminium foil, clean
bolts, nuts, copper gaskets are available. Make sure extra ones are prepared
in case some are contaminated or found defective during the assembly. Keep
in mind that one should wear gloves and only touch the outside surfaces of
the components.
To assemble the CF flanges, the copper gasket is placed between the
knife edges. To easily place the gasket, it is convenient to temporally hold
or mount flange horizontally. Put the bolts and nuts in place and tighten
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them. After tightening all screws by hands, wrench tighten is required.
To make sure the seal between flanges is even everywhere, it is suggested
to go around the flange many times and tighten screws in small steps. A
“star-shaped pattern” sequence is used for selecting screws to be tightened,
which means always tightening screw furthest away from the screw one just
tightened.
Figure 3.2 shows the details of our octagon chamber. There are six
windows and two feedthroughs attached to the spherical octagon. Each
feedthrough has four pins connected to the electrodes inside the chamber.
Inside the chamber, there are two Yb ovens made from stainless steel
tubes. One is filled with pure 171Yb isotope and another contains natural
abundant ytterbium. The UHV kapton copper wires are used to connect
the ovens to the pins on the feedthrough to provide current to the ovens.
Since it is challenging to spot weld copper to many kinds of materials, a
small piece of constantan foil is spot welded to the copper wire and the Yb
oven connects to them. In addition to the ovens, a piece of Yb foil is placed
inside the chamber for laser ablation loading of Yb+.
To prepare SiO source, we place milled SiO powder on a piece of mi-
croscope slide and add a droplet of distilled water on it. After the water
has evaporated, SiO is attached to the slide. Then we mount the slide on
the octagon chamber.
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The four parallel rods and two needles of our linear trap are made
of tungsten because it has high melting point and high tensile strength.
In order to fix their positions, they are mounted in a ceramic holder (see
Figure 3.3).
Figure 3.2: Assembled octagon chamber
Figure 3.3: Our linear ion trap. All the electrodes are mounted in
a ceramic holder. The distance between two needles is 2.0 mm. The
distance between the centres of the rods is 1.0 mm and the rod diameter
is 0.5 mm.
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After finishing assembly, it is better to have a rough leak check. To
do it, we turn off the turbo pump, spray some acetone on various parts of
vacuum system and monitor the pressure. If there is a big leak, the pressure
will first go down when acetone blocks the leak. After a few seconds, the
pressure will go up to the initial value once the acetone evaporates away.
3.1.4 Pump and bake
To attain such high vacuum, several pumps are used at different stages:
turbo pump, ion pump and titanium sublimation pump (TSP). Meanwhile,
baking the whole chamber is also an important step to get UHV. Baking
can help to remove the water trapped on the surface of stainless steel and
significantly reduce the background pressure [30].
The basic pumping and baking procedure is as follows:
(1) Use turbo pump (HiCube 80 Classic) to roughly pump the chamber
to about 10−7 Torr. It will take about 3∼4 hours to achieve 10−6 Torr.
After that, pumping for another day brings the pressure down to about
10−7 Torr.
(2) Degas filaments of titanium sublimation pump (TSP), ion gauge
and Yb ovens by runing current for a short while. All the three filaments
in TSP are fired at 30 amps and 36 amps for 2 minutes three times. The
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interval between each firing is 8 minutes. To degas Yb ovens, run current
at 2 amps for 2 minutes.
(3) Start baking. Slowly ramp up the temperature (about 10 ◦C/hour)
from room temperature to 200 ◦C. The pressure in the chamber goes up
because increased temperature makes gas desorption from the metal surface
more efficient.
(4) Bake for a few days at 200 ◦C. Once the pressure in the chamber
reaches back to 10−7 Torr, switch on the ion pump.
(5) After baking for a few days, close the valve that connects the turbo
pump. The right time to do it is when the pumping by the ion pump inside
the chamber gets more efficient than the pumping by the external turbo
pump. A good indication of this is a pressure change when we close the
turbo pump ‘by hands’. If the pumping by ion pump is more efficient, the
pressure inside the chamber will go down.
(6) After baking for two weeks, slowly ramp down the temperature to
room temperature.
(7) Run titanium sublimation pump at 42 amps for 3 minutes several
times. After several days, pressure goes downs to 1× 10−11 Torr.
The pressure and temperature as a function of time are shown in Figure
3.4. The detailed schedule is in Table 3.1.
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Figure 3.4: Pressure and temperature versus time during baking
3.2 Ion trap operation
Once the bake is complete and a good pressure is achieved, the trap is
ready for operation. To confine both Yb+ and SiO+ in the same trap, we
apply about 80 V DC voltage to the needles. The frequency and amplitude
of the oscillating field applied to the rods is 29.7 MHz, 500 V, respectively.
To obtain such high RF voltage on the electrodes, about 4 W RF signal
is coupled to a helical resonator which is connected to the rods [28]. The
qualify factor of the resonator is about 150. The radial and axial trapping
frequency for single Yb+ ion is around 800 kHz and 200 kHz, respectively.
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Day T (◦C) Pin(Torr) Pex(Torr) note
0 room atmosphere atmosphere
1 room - 2.8× 10−7 start turbo pump
2 room 3.3×10−8 1× 10−7 degas TSP, ovens and ion gauge
3 184 5.0× 10−7 1.5× 10−6 ramp up temperature
4 200 3.1× 10−7 1.0× 10−6
5 200 2.0× 10−7 6.9× 10−7
6 200 1.9× 10−7 4.7× 10−7
7 200 1.2× 10−7 4.0× 10−7
8 200 1.0× 10−7 3.4× 10−7
9 200 9.7× 10−8 3.1× 10−7
10 200 8.2× 10−8 2.6× 10−7
11 200 4.5× 10−8 1.7× 10−7 switch on ion pump
12 200 3.5× 10−8 1.4× 10−7
13 200 3.3× 10−8 1.3× 10−7
14 200 3.1× 10−8 1.3× 10−7
15 200 2.9× 10−8 1.2× 10−7
16 60 9.0× 10−10 1.8× 10−8 ramp down temperature
17 room 2.3× 10−10 - close valve of turbo pump
18∼28 room 2.2× 10−11 - run TSP 7 times totally
Table 3.1: Schedule of baking and pumping. Pin is the pressure mea-
sured by the ion gauge inside the vacuum chamber. Pout is the pressure
measured by the gauge of the turbo pump.
In order to break the degeneracy of the two motional modes in radial di-
rection, about 3 V DC voltage is applied to the electric rods and leads to a
spectrum separation about 100 kHz between the two radial modes of Yb+.
After proper electric fields are applied to the electrodes, we can load
the ions. In our group, two methods are used to load Yb+. One is pho-
toionization and another is laser ablation. The ablation method is also the
way used to load SiO+.
(1) Photoionization:
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One approach to loading ytterbium ions is resonant-assisted photoion-
ization of neutral ytterbium [31]. Neutral Yb beam produced by resistively
heating the Yb oven is directed through the trap. About 6 mW of CW light
at 398.91 nm resonant with neutral Yb 1S0 → 1P1 transition and 4 mW of
CW light at 369.52 nm are focused through the ion trap with beam waists
of 20 µm and 30 µm, respectively. Once neutral Yb atoms fly through the
trap, the atoms will be first excited to 1P1 state by the 398.91 nm beam,
and then excited above the ionization threshold by 369.52 nm beam (Figure
3.5). The 398.91 nm light is generated from a diode laser (Toptica DL-100)
and the 369.52 nm light is produced by frequency doubling of 740 nm light
from a diode laser. The 398.9 nm laser beam is perpendicular to the Yb
propagation direction, in order to minimize the Doppler shift and achieve
isotropically selective loading for the oven filled with naturally abundant
ytterbium (Table 3.2) [31].
(a) (b)
Figure 3.5: Illustration of photoionization of neutral ytterbium. (a)
Part of neutral Yb energy levels (b) Image of trapped 171Yb+
(2) Laser ablation:
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isotope 399nm 935nm 369nm 369×2nm
Yb170 398.91051 935.19751 369.52364 739.04728
Yb171 398.91070 935.18768 369.52604 739.05208
Yb172 398.91083 935.18736 369.52435 739.04870
Yb174 398.91114 935.17976 369.52494 739.04988
Yb176 398.91144 935.17252 369.52550 739.05100
Table 3.2: Laser wavelengths for different Yb isotopes [32]
Another method to load ions is laser ablation [33]. In our group, opti-
cal pulse (duration: about 10 ns) at 355 nm generated from a Q-switched
laser (Minilite from Continuum Inc.) is focused on the target (Yb foil or
SiO powder) with a spot size of about 50 µm. During laser ablation, the
high-intensity laser strikes the target surface, resulting in rapid ejection of
a cloud of material which may contains ions, electrons, neutral atoms and
molecules [34]. Light electrons fly faster to the trap and short the trap tem-
porally, resulting in lowering the trap depth. After several microseconds,
electrons near the trap fly away and the ions inside the trap region will be
caught by the recovery of the trap depth. The reflected RF signal from the
helical resonator coupled to the trap electrodes is shown in Figure 3.6. The
reflected signal suddenly become stronger due to the electrical short of the
trap rods by electron cloud. After electrons fly away, the reflected signal
goes down to the initial value. Typically we use about 2 µJ of pulse to load
Yb+ and 50 µJ of pulse to load SiO+. The successful loading of SiO+ can
be verified by measuring the trapping frequency according to the Equation
2.16, if we co-trap a Yb+ ion.
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4.1 Energy levels of 171Yb+
Yb+ has only one unpaired valence electron, which results in a simple
hydrogen-like energy structure. Particular advantage of 171Yb+ is that its
1/2 nucleus spin allows a simple and efficient manipulation of its hyperfine
ground states. The energy level diagram of 171Yb+ is shown in Figure 4.1.
The two hyperfine states 2S1/2 |F = 0,MF = 0〉 and 2S1/2 |F = 1,MF = 0〉
form the qubit, labeled as | ↓〉 and | ↑〉, respectively. They are separated
by frequency difference of 12642812118.466 + (310.8)B2 Hz, where B is the
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external magnetic field in Gauss [31]. The splitting is insensitive to mag-
netic field in the first order, which makes the qubit less sensitive to external
magnetic field noise.
Figure 4.1: Energy level diagram of 171Yb+ [35]
4.2 Doppler cooling
During Doppler cooling, approximately 0.04 mW of light slightly red de-
tuned (about 30 MHz) from 2S1/2|F = 1〉 → 2P1/2|F = 0〉 transition is
focused on the ion with a waist of about 40 µm. The off-resonant cou-
pling between 2S1/2|F = 1〉 and 2P1/2|F = 1〉 may result in population
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trapping in state 2S1/2|F = 0〉 through spontaneous emission from the
excited state. To avoid this, the cooling beam is passed through an electro-
optic modulator (New Focus Visible Phase Modulator 4851) driven at 7.37
GHz. The second order sideband of the EOM is resonant with transition
2S1/2|F = 0〉 → 2P1/2 |F = 1〉, which can depopulate the state 2S1/2|F = 0〉
and drive the ion back to the cooling cycle.
From 2P1/2 manifold atomic ion may decay to the relatively long lived
manifold 2D3/2. In order to depopulate the
2D3/2 |F = 1〉 state, about 3
mW of light generated from a diode laser (Toptica DL-Pro) at 935.1879
nm resonant with transition 2D3/2|F = 1〉 → 3D[3/2]1/2|F = 0〉 is focused
through the trap with a beam waist of about 50 µm. Besides, a fibre EOM
from EOSPACE driven at 3.07 GHz is used to add a frequency component
(negative first order) to the 935.1879 nm beam, which depopulates the state
2D3/2 |F = 2〉 via state 3D[3/2]1/2|F = 1〉. In addition, although there is
no allowed electric dipole transition, 171Yb+ may still decay to the long
lived state 2F7/2, maybe because of the collision with the background gas
[31]. In order to repump ion from 2F7/2 state, 0.5 mW of laser beam at
638.6 nm resonant with 2F7/2 → 1D[5/2]5/2 transition is focused on the ion.
Experimentally, the 935.2 nm light and 638.6 nm light are all coupled to
fibres and combined by a fibre beam splitter before delivery to the trap.
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4.3 State initialization
We use optical pumping technique to initialize 171Yb+ at state 2S1/2 |F =
0,MF = 0〉. 369.5 nm beam is sent through an EOM driven at 2.1 GHz,
whose positive first order sideband is resonant with the transition 2S1/2|F =
1〉 → 2P1/2|F = 1〉 (see Figure 4.2). From the state 2P1/2|F = 1〉, the ion
has 1/3 chance to spontaneous decay to | ↓〉=2S1/2 |F = 0,MF = 0〉 state.
Since the pump light is off resonant from transition 2S1/2 |F = 0,MF =
0〉 → 2P1/2|F = 1〉, once the ion decays to state | ↓〉, it would hardly
interact with photons and stay in | ↓〉 state. Therefore the population of
state | ↓〉 increases with time. In our experimental setup, about 0.04 mW
of light is focused on the ion with a beam waist of about 40 µm. Typically
20 µs is spent on state initialization in our group.
4.4 State detection
State detection of the qubit is accomplished by laser-induced fluorescence
method. 369.5 nm light resonant with 2S1/2 |F = 1〉 → 2P1/2|F = 0〉 is
focused on the ion (see Figure 4.3). If the ion is in state | ↑〉, after excited
to 2P1/2|F = 0〉, it will decay to one of the three states at manifold of 2S1/2
|F = 1〉. The laser beam has all three polarization components (pi , σ+, σ−)
in order to repump from the three Zeeman states and about 5 G magnetic
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Figure 4.2: Illustration of state initialization
field is applied to define the quantization axis. Hence, the manifold of 2S1/2
|F = 1〉 and 2P1/2|F = 0〉 form a closed transition and spin | ↑〉 becomes
the bright state which can scatter millions of photons per second. The
fluorescent photons are collected by a triplet lens with numerical aperture
of 0.25 mounted about 5 cm above the ion trap. The photons scattered by
the ion can be counted by a photomultiplier tube (PMT) or imaged on a
CCD camera (ProEM 512).
For | ↓〉 state, the detection beam is off resonant by 12.6 GHz. Hence
this state does not scatter any photons and appears as a dark state for the
PMT.
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Figure 4.3: Illustration of the state detection
Experimentally, the same laser beam is used for state initialization and
detection. But the 2.1 GHz EOM is switched on only during the state
initialization. Typically we accumulate the fluorescence detected by PMT
for 1 ms and get 10 photons on average for bright state (see Figure 4.4).
In our group, the state detection fidelity is about 98%.
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Figure 4.4: Fluorescence histogram of bright and dark states. We
collect the fluorescent photons on the PMT for 1 ms. For dark state
| ↓〉, the time average detected photons is less than two. While for
bright state | ↓〉, the average photons is larger than two.
4.5 Stimulated Raman transitions with pi-
cosecond mode locked laser
4.5.1 Ti:Sapphire picosecond laser
The optical setup for our pico-second Ti:Sapphire laser (Coherent Mira 900
P) is shown in Figure 4.6. It is pumped by a 10W CW laser at 532 nm
(Verdi V-10). The green pump light is focused into the Ti:Sapphire crystal,
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Figure 4.5: Experimental setup for Doppler cooling, state initializa-
tion and detection of 171Yb+. The 369.5 nm CW light is generated by
frequency doubling of 739.05 nm laser. Part of 739.05 nm light is used
to lock the laser frequency to a cavity with pound drever hall technique.
The 4 mW light generated form the toptica-TA-SHG laser at 369.5 nm
is split by a piece of normal uncoated glass. The transmitted light (92%)
is delivered to the trap for photoionzation. Two reflection beams from
the glass (4% each side) is used for Doppler cooling, state initializa-
tion/detection, respectively. The two AOMs driven at 110 MHz control
the time duration and sequence of the cooling and detection beams. The
first order beams from the AOMs are coupled to single mode fibres with
cut-off wavelength at 320nm before sending to the trap. The fibre polar-
ization controllers are used to change the polarization of cooling, state
initialization/detection beams. The 935.2 nm and 638.nm laser beams
are coupled to a fibre beam splitter and mixed into the same fibre.
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resulting in generating infrared light from 700 to 1000 nm. The temperature
of the crystal is stabilized at 20 ◦C by a water chiller. The Gires-Tournois
Interferometer (GTI) is not only the end mirror of the cavity, but also
compensates the group velocity dispersion (GVD) of other optical elements
in the cavity. The Birefringent filter (BRF) provides the way to tune the
laser output wavelength.
Figure 4.6: Schematic of Coherent Mira 900-P mode locked laser.
(Image credit: Coherent Inc.)
The Mira 900 laser employs a passive mode-locking mechanism. At
certain place of the cavity, the beam diameter is bigger if the laser generates
continuous wave rather than optical pulse due to self focusing induced by
Kerr effect. A slit with adjustable width is placed there. The continuous
wave will be interrupted at its beam edge by the slit because its beam
size is bigger. Therefore, continuous wave experiences more cavity loss and
eventually diminishes.
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To drive the stimulated Raman transitions, the repetition rate of the
frequency comb needs to be stabilized. The repetition rate of our laser is
around 76 MHz. The commercial Synchro-Lock system (SLAP TM) offers
a convenient way to synchronize the output pulse from the coherent Mira
900 with a stable reference frequency. Small portion of the laser light
is detected by a fast photodiode of the Synchro-Lock system. The control
signal derived by mixing the detected signal with the stable reference signal




. The cavity length actuators include a stepper motor micrometer
to change the position of output coupler (M1 in figure 4.6), a low-frequency
piezoelectric transducer (PZT) to adjust the starter and a high-frequency
PZT to change M2 mirror position. In our lab, we lock the cavity to a
radio frequency generator (Stanford research system SG 382).
4.5.2 Setup
Figure 4.7 depicts our experimental apparatus to drive stimulated Raman
transition. About 1.5 W of light is generated from the Ti:sapphire laser
at 758 nm with the pulse duration τ = 2∼ 3 ps and focused into a 3
mm × 3 mm × 5 mm LBO doubling crystal by a spherical lens (focal
length: 50mm). About 200 mW of second-harmonic light at 379 nm is
collimated by a spherical lens with 75 mm focal length. However, the
second harmonic light has different divergent properties along horizontal
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and vertical directions, i.e., the horizontal and vertical focuses are not at
the same point. Therefore, we use two vertical cylindrical lenses with the
focal lengths of 250 mm and 150 mm respectively to correct the beam
profile. The positions of these two lenses are important. Typically we put
the first cylindrical lens at the point where horizontal and vertical beam
waist are roughly same. The position of second lens is chosen such that
the positions of “horizontal” and “vertical” focuses of the output beam are
the same. Besides, two convex lenses with the focal lengths of 200 mm and
50 mm respectively arranged in telescope layout reduce the beam waist to
about 0.2 mm.
A 50:50 beam splitter divides the light into two paths to drive Ra-
man transitions. Each beam is focused to an acoustic-optic modulator
(GoochHousego I-M110-2C10B6-3-GH26) driven at around 110 MHz by a
convex lens (focal length: 300 mm) to shift the beam frequency. Because
the direction of the diffracted light from AOM depends on the driving
frequency, laser beam may not be focused on ions if we scan the AOM fre-
quency over a large range. To avoid this problem, we place both acoustic-
optic modulators exactly at the focuses of the convex lenses. Therefore, the
acoustic-optic modulators will be imaged at the ion position. Although the
directions of ±1 order beams from the acoustic-optic modulators change,
the positions of the focuses in the ion trap don’t change. The +1 order
from one AOM and -1 order from another AOM are focused on the ions
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with beam waist around 20 µm. The angle between the two beams is
around 90◦. The polarizations of the two beams are perpendicular to each
other and perpendicular to the external magnetic field. This arrangement
maximizes the strength of the Raman transition [36].
Figure 4.7: Stimulated Raman transition. Lenses shown in white
colour and blur colour are spherical lenses and vertical cylindrical lenses,
respectively.
The stimulated Raman transition requires the interference between
pulses from the two beams at the ion position. Hence the optical path
difference of the two paths can not exceed cτ , about 0.5 mm for our laser.
Two mirrors mounted on a one-dimensional translation stage can smoothly
change the optical length of one beam by 5 cm without changing the beam
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direction. However, in initial alignment, it is possible that the path dif-
ference is so large that it exceeds the translation stage range. In order to
detect the big path difference, we place a fast photodiode with about 0.1
ns resolution in each beam by the same distance from the trap. Signals
detected by the two fast photodiodes are mixd by a SMA tee adapter and
sent to an oscilloscope (WaveRunner 610Zi) (see Figure 4.8). The pulse
arriving time difference δt shown in oscilloscope tells us the path difference
cδt. The result is shown in Figure 4.9. Initially the time difference is 0.4
ns, i.e., 12 cm path length difference (Figure 4.9(a)). After we change the
optical path, there is no obvious time difference (Figure 4.9(b)).
Figure 4.8: Illustration of measuring path length difference
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(a)
(b)
Figure 4.9: Path length difference measurement result. (a) The dif-
ference between the pulse arriving times is 0.4 ns. It means there exists
optical path difference about 12cm. (b) After we roughly equalize the
optical paths, there is no obvious time difference. The two pulses are
coherently added together and enhance the peak power.
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4.5.3 Experiment results
In our lab condition, the frequency separation between qubit | ↓〉= 2S1/2|F =
0,MF = 0〉 and | ↑〉 = 2S1/2|F = 1,MF = 0〉 is 12.642821 GHz, due to the
second order Zeeman effect in external magnetic field. As mentioned in
Chapter 2, Raman transition can be driven either by single beam or two
beams, and only the latter transfers momentum to ions and couples the
spins of ions to the motional states. To drive the single beam Raman tran-
sition, we lock the repetition rate of the mode locked laser at 12.642821
GHz/166 = 76.16157229 MHz. Figure 4.10 shows the Rabi oscillation for
this transition. In order to drive the Raman transition with two beams, we
need to make sure each beam hits the trapped ions. Verifying the Raman
transition with single beam is our method to check the beam alignment.
To drive the two beam Raman transition, the repetition rate is changed
to 76.21362577 MHz, which is off resonant from a single beam Raman
transition by 166 × 76.21362577 MHz - 12642.821 MHz ≈ 8.6MHz. We
set the frequency of one of the acoustic-optic modulators at 110 MHz and
scan the frequency of another AOM. The result is shown in Figure 4.11.
There are clearly three resonant peaks corresponding to carrier, red and
blue sideband transition. And the frequency spacing 0.8 MHz is exactly
our trapping radial frequency.
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Figure 4.10: Rabi oscillation for a single beam Raman transition
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5.1 Motivation of building pulse shaping setup
Rotational spectra of SiO+ in the ground electronic and vibrational state
X2Σ+(ν = 0) can be described by
E(J) = BJ(J + 1) +DJ2(J + 1)2 (5.1)
where B = 21.51 GHz, D = 33.1 KHz [37]. Hence at room temperature,
about 30 rotational states are populated. One approach to efficient rota-
tional cooling of SiO+ is optical pumping with spectrally shaped broadband
light [1, 24]. The Franck-Condon factor of SiO+ is as high as 0.988 for the
transition X2Σ+(ν = 0) → B2Σ+(ν = 0) [38]. This nearly closed electric
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dipole transition makes SiO+ particularly attractive for optical pumping.
In addition, the R branch (J → J + 1) and P branch (J → J − 1) of
transition X2Σ+(ν = 0) → B2Σ+(ν = 0) are well separated (see Figure
5.1). Hence, broadband light whose spectrum covers P branch but not R
branch could optically pump SiO+ from state X2Σ+(ν = 0, J) to state
B2Σ+(ν = 0, J − 1), followed by spontaneous decay to either initial state
X2Σ+(ν = 0, J) or lower rotational state X2Σ+(ν = 0, J−2). This process
leads to rotational cooling and creates two dark states J = 0 and J = 1.1
However, experimentally the quantum number J may not be decreased to
J = 0 or J = 1, limited by the pulse shaping resolution. The quantum logic
cooling scheme described in Chapter 2 can be applied for further rotational
cooling to ground state.
Figure 5.1: R and P branches in SiO+ [39]
1Since there is small chance that SiO+ may spontaneously decay out of the manifold of
X2Σ+(ν = 0), additional repump broadband light driving X2Σ+(ν = 1) → B2Σ+(ν =
0) transition might be required.
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5.2 Pulse shaping apparatus
The pulse shaping method described in [40] is followed in our group. As
shown in Figure 5.2, our setup consists of a femto-second laser as a broad-
band light source, a pair of diffraction gratings, a pair of concave mirrors
and an amplitude modulator - razor blade. Figure 5.3 shows the details of
our experimental setup.
Figure 5.2: Schematic diagram of our pulse shaping device
The femto-second Ti-sapphire laser (Spectra-Physics Tsunami) can gen-
erate high power (more than 1.5 W) and broadband (3 ∼ 4 Terahertz) fre-
quency comb around 770 nm. An achromatic doublet convex lens with 100.0
mm focal length (Part Number: AC254-100-A-MIL) focuses the broadband
light into a non-linear Beta-Barium Borate (BBO) crystal (size: 5 mm ×
5 mm × 0.5 mm) to generate second-harmonic light. In order to fulfil the
Type-I phase matching conditions, a half-wave plate is placed in front of
the BBO crystal to control the polarization of the fundamental light. After
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Figure 5.3: Our pulse shaping setup
optimizing the polarization, angle of the crystal and focal position in the
crystal, about 50 mW ultra-violate (UV) light with the central wavelength
of 385 nm is generated. A plano-convex spherical lens with 935.0 mm
focal length (Part Number: PCX-25.4U-935) mounted on a translational
stage collimates the divergent second harmonic light. The collimated light
with the beam waist of about 5 mm propagates to a reflective holographic
diffraction grating (size: 25 mm× 25 mm, groove density: 3600/1 mm, Part
Number: GH25-36U). Beams with different wavelengths are diffracted to
different directions by the grating and then focused by a concave broadband
metallic mirror with the effective focal length of 500.0 mm (Part Number:
10DC1000AL.2). A spacial modulator is placed at focal plane to spectrally
modify the output light. In our case, the spacial mask is a razor blade
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mounted on a translational stage. Another concave mirror and grating
with the same part numbers as before are used to combine the spectrally
separated light into a single beam. The 4− f dispersion free optical layout
is adopted in our setup, which means that the distance between the first
grating and the first concave mirror, the first concave mirror and the focal
plane, the focal plane and the second concave mirror, the second concave
mirror and the second grating are all equal to f = 500 mm[40].
The natural linewidth of transition X2Σ+ → B2Σ+ is only 2.27 MHz.
Since it is much smaller than the frequency interval (76 MHz) of the comb-
like broadband light, some transitions of the P branch may not be ex-
cited. To address this problem, an acousto-optical modulator (Part Num-
ber: MQ180-A0,2-UV) is added for frequency modulation. The driving
frequency of the AOM is modulated from 140 MHz to 220 MHz to make
sure that all the transitions within the bandwidth of the laser are addressed.
5.2.1 Light source: femtosecond mode locked laser
Our mode-locked Titanium:sapphire femoto-second laser is pumped by a
10 W Millennia Pro laser at 532 nm. The repetition rate νrep of the laser
is around 76 MHz. So the cavity length equals to
c
2νrep
≈ 2m. To save
space, folded cavity approach is used in the design of the Spectra-Physics
Tsunami laser. The schematic of the laser is shown in Figure 5.4. The
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Titanium:sapphire rod produces infra-red (IR) light after being pumped
by 532 nm laser. M2 and M3 center and focus the IR beam waist into the
Ti:sapphire rod. M1 and M10 form the cavity end mirrors. The Prism pairs
Pr1, Pr2, Pr3 and Pr4 are designed for group velocity dispersion (GVD)
compensation. By varying the vertical position of the prism Pr2 and Pr3,
the net intracavity GVD is changed, resulting in a change of the output
pulse duration. Together with a slit, the prism pairs also offer a way to
tune the laser wavelength within its tuning range from 675 nm to 1100 nm.
A horizontal slit is placed in the region where different wavelengths are
vertically separated due to the prism pairs. The laser wavelength is tuned
by changing the slit’s vertical position. Figure 5.5 illustrates how to change
the wavelength and pulse duration during the daily operation of the laser.
Figure 5.4: Schematic diagram of Tsunami fs mode-locked Laser (cited
from “Tsunami Mode-locked Ti:sapphire Laser User Manual”). P1, P2,
M3, Ti-sapphire rod, M2, M1 and M4 are actually in the same vertical
plane. M5, Pr1, M6, M7, Pr2, Pr3, M8, M9, Pr4 are in another vertical
plane. This folded cavity design helps to save cavity space.
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Figure 5.5: Tsunami femto-second Ti:sapphire Laser. The front mi-
crometer is the wavelength controller. It is connected to the slit and
controls the vertical position of the slit. Another micrometer is the
group velocity dispersion compensation controller, which is connected
to the prism pair and controls the vertical position of the prism pair.
In order to obtain a train of pulses rather than continuous wave, an
active mode-locking technique is employed in this laser. An acousto-optic
modulator (AOM) driven by frequency ωrf is placed inside the optical cav-
ity near the end mirror M10. When the laser beam propagates to the end
mirror, a portion of light is diffracted to other directions by the AOM.
Once the undiffracted light is reflected back by mirror M10 and passes the
AOM second time, part of the light will be deflected again (see Figure 5.6).
Therefore the cavity loss is modulated at the frequency of 2ωrf . If this fre-
quency is equal to the repetition rate 2ωrf = νrep = c/2L, i.e., ωrf = c/4L,
a train of pulses would be produced with the period of T = 2L/c = 1/νrep.
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Figure 5.6: Active modelocking using an acousto-optic modulator
Below are some experiences regarding the operation and maintenance
of the laser:
1. Sometimes it might be challenging to directly modelock the Ti:sapphire
laser around 770 nm since it is near the oxygen and water absorp-
tion lines. In this case, using clean and dry nitrogen to purge the
Ti:sapphire rod will be helpful. If dry nitrogen is not available, it is
still possible to modelock the laser by first modelocking the laser at
a wavelength where it is easily modelocked (e.g., 800 nm) and then
slowly tuning back to the desired wavelength.
2. Keeping the optics inside the cavity clean is crucial to maintaining
high output power. If an optical element is dirty, excessive scattering
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increases the cavity losses and decreases the output power. Usually
we use acetone and lens tissue to clean the optics.
3. Follow the laser manual to align the laser cavity. Make sure beam
hits the center of every mirror and there is no beam clipping.
5.2.2 Second harmonic generation crystal
A nonlinear crystal is used to double the frequency of 770 nm broadband
light and generate 385 nm UV light. The principle of second harmonic
generation (SHG) can be found in many textbooks (e.g.,[41]). In a nonlin-
ear optical medium, the relation between dielectric polarization P and the
applied electric field E can be described by:
P (E) = ε0(χ
(1)E + χ(2)E2 + χ(3)E3 + . . .) (5.2)
where the coefficients χn are the n-th order susceptibilities of the medium.
For monochromatic light E = E0cos(kx+ ωt), the second term in Equation
5.2 generates a term at frequency 2ω:
E2 = (E0cos(kx+ ωt))
2
= E20(cos(2(kx+ ωt)) + 1) (5.3)
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Besides, energy conservation and momentum conservation require the fre-
quency ω2 and wave vector k2 of the second-harmonic light should satisfy
following relations2:
ω2 = 2ω1 (5.4)
k2 = 2k1 (5.5)






where n is the refractive index, the phase matching conditions (Equations
5.4 and 5.5) imply that
n1 = n2 (5.7)
where n1 and n2 are the refractive indices for the fundamental and second-
harmonic light, respectively.
However, refractive index of a medium is usually wavelength-dependent.
One way to fulfill the Equation 5.7 is to use birefringent crystal, whose
refractive index also depends on the polarization and propagation direction
of light. Light propagating in a birefringent crystal can be decomposed
into ordinary beam (o beam) and extraordinary beam (e beam), which
are perpendicular to each other and have different refractive indices (see
2We only consider Type I phase matching here, which is our experiment case.
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Figure 5.7). Hence it is possible to find a certain propagation direction
along which the refractive index of o beam for second-harmonic light is
equal to the refractive index of e beam for fundamental light in negative
crystal, or vice versa in positive crystal. This is Type I phase matching.
In order to obtain high SHG conversion efficiency, usually a focused beam
rather than a collimated beam is directed to the doubling crystal.
(a) (b)
Figure 5.7: Dependence of refractive index on light polarization and
propagation direction in (a) positive (b) negative uniaxial birefringent
crystal [41]
In our experiment, at first we used a long LBO crystal (size: 3 mm × 3
mm × 8 mm) as the doubling crystal. However, an interesting phenomenon
is observed in our setup (see Figure 5.8). After being diffracted by the first
grating, the beam shape starts to tilt and the symmetries of the beam
shape along horizontal and vertical directions disappear3. At the focal
plane, the beam is a horizontal line. After passing the focal plane, the tilt
direction changes. The reason is suspected as follows: beams with different
3The laser beam is TEM00 from the mode locked laser. All the beams in the setup
propagate parallel along the optical table.
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wavelengths within the bandwidth of the fs laser are spatially separated
in vertical direction4 because of the LBO crystal. The vertical separation
caused by the doubling crystal and the horizontal separation induced by
the grating will generate the phenomenon shown in Figure 5.8.
There are two factors we could find to explain the spectrally separation
caused by the SHG crystal:
(1) When a plane wave propagates in an anisotropic crystal, the energy
flow direction generally does not coincide with the wave vector direction
[41]. The spatial walk-off angle between the wave vector and the Poynting
vector is wavelength dependent, hence the energy flow direction (direction
of the Poynting vector) changes with wavelength.
(2) The convex lens in front of the nonlinear crystal makes the plane
wave approximation invalid in our setup. The Rayleigh length is estimated
about 1 mm ∼ 2 mm, which is much shorter than the crystal length. A
focused beam can be decomposed into a bunch of light fields whose wave
vectors are along different directions. For each wavelength within the band-
width of the laser, only certain direction satisfies the phase matching condi-
tion. Hence the second-harmonic broadband light gets spectrally separated.
When we use a lens with longer focal length or shorter crystal, the tilt
angle decreases, which confirms our assumption. Finally, after considering
4The spatial separation direction is related to how we mount the crystal. If we flip
the crystal by 90◦, then the separation direction is horizontal.
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all the factors, we choose a thin BBO crystal but still use a convex lens with
short focal length, in order to get sufficient second harmonic light power.
Figure 5.8: Abnormal beam shapes
5.2.3 Pulse shaping alignment
Following the procedures described in [40], the pulse shaping setup is aligned
with the following receipt:
(1) The beam propagating to the first grating must be very well col-
limated. We mount the f = 935 mm collimation lens on a translational
stage and change its position until beam waists measured at two different
positions are the same.
(2) Make sure all the beams involved in the pulse shaping device are at
the same height.
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(3) In the 4 − f configuration, the positions of gratings and concave
mirrors are important. The first concave mirror is placed approximately
one focal length away from the first grating. The second concave mirror
should be placed about two focal lengths away from the first concave mirror
where the reflected beam from second concave mirror is collimated.
(4) Position the second grating one focal length away from the second
concave mirror. Adjust the tilt angle of the grating until there is no spatial
dispersion in the output beam. This can be verified by sweeping a card
across the light at the focal plane of the first concave mirror and observing
the output beam. If all the wavelengths overlap very well, the output beam
image will be uniformly attenuated when sweeping the card.
5.3 Home-made spectrometer
In order to experimentally measure the spectrum of pulse-shaped light, a
proper apparatus is needed. However, the resolution of our commercial
spectrometer suitable for broadband light (Ocean Optics - USB4000 Fiber
Optic Spectrometer) is only around 1 nm. In addition, a wavemeter from
HighFinesse with high resolution of 10−5 nm is available in our lab, but it
only works for narrowband CW light. An economic choice is a home-made
spectrometer with reasonable resolution in the UV region.
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The principle of the home-made spectrometer is very similar to the
commercial Ocean Optics - USB4000 spectrometer, but with higher reso-
lution and smaller measurement range (about 30 nm). As shown in Figure
5.9, beams with different wavelengths are diffracted to different directions
by the grating. The spectrum can be calculated through the position in-
formation recorded by a line CCD camera. The CW light from 369.5 nm




Figure 5.9: Home-made spectrometer (a) schematic illustration (b)
experimental setup
As illustrated in Figure 5.9, light is coupled to a single mode fibre with
the cut-off wavelength of 320 nm. The single mode fibre also provides
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a way to pick out the TEM00 mode from all the transverse modes. An
aspheric lens (C610TME-A) with 4 mm focal length is placed near the fibre
coupler to make the output beam slightly divergent. After the collimation
by a convex lens (Part number: LA1908-A, Focal length: 500 mm), light
with the beam waist of about 1.5 mm propagates to the diffraction grating
with the incident angle of 33◦. Another aspheric lens (LA1986-A) with
the focal length of 125 mm is placed about 60 mm away from the grating
to focus the light on a line charge-coupled device (CCD) camera. The
camera (Mightex’s TCE-1304-U) has a single-line, 3648-pixel CCD chip
with a USB2.0 interface. The pixel size of CCD chip is 8 µm × 20 µm.
The camera is mounted on a two dimensional translational stage and a
rotational pedestal in order to place the CCD chip exactly at the focal
plane. If the focus is on the CCD chip, when sweeping a card through the
beam in front of the grating, the intensity measured by the CCD camera is
evenly attenuated and it is impossible to tell from which direction the card
is swept by just observing the intensity distribution on the CCD.
Figure 5.10 and Figure 5.11 show the measurement results of the 369.5
nm and 399 nm CW laser using the home-made spectrometer, respectively.
For the wavelengths of 369.52490 nm and 398.90952 nm, their focal points
on the CCD camera are at 3321 and 260 pixel, respectively. The spot size
is about 3 pixels. Therefore, the resolution of the spectrometer can be
estimated as (398.90952 nm - 369.5249 nm)/(3321 pixels - 260 pixels) × 3
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pixels = 0.028 nm.
Figure 5.10: Intensity distribution of 369.52490 nm CW light on the
CCD chip
For unknown spectrum, we want to reveal the wavelength information
based on its focus position recorded by the CCD camera. First, for a
diffraction grating, the diffracted angle θd and the wavelength λ should
satisfy following relation:
d(sinθi − sinθd) = kλ (5.8)
where d is the grating period, θi is incident angle, k is order of diffraction.
In our setup, d=1 mm/3600, θi = 33
◦ + 90◦ = 123◦, k = −1. In the first
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Figure 5.11: Intensity distribution of 398.90952 nm CW light on the
CCD chip
order approximation, relation between θd and the focus position x measured
by CCD can be given by:
θd = Ax+B (5.9)
where the coefficients A and B can be calculated by using the focus posi-
tions of 369.52490 nm and 398.90952 nm beams on the CCD camera (Figure
5.10 and 5.11). Hence A = −6.4278 × 10−5, B = 1.1172. Therefore, the
relation between the wavelength and the focus position on the CCD camera
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(sinθi − Ax−B) (5.10)
We use the home-made spectrometer to test the pulse shaping setup.
The result in Figure 5.12 shows that the resolution of our pulse shaping
device is about 15 pixels on CCD chip, which approximately corresponds
to (398.90952 nm - 369.5249 nm)/(3321 pixels - 260 pixels) × 15 pixels
=0.14 nm, i.e. 280 GHZ. It means our pulse shaping setup can cool down
rotational states of SiO+ to J ≈ 3 ∼ 4.
5.4 Unexpected Yb+ transition
In the last section we show how to use 369.52490 nm and 398.90952 nm CW
light to approximately calibrate the home-made spectrometer. However,
for a more accurate calibration, it is better to obtain reference light with
known wavelength near the spectrum of pulse-shaped light. Fortunately,
we happen to observe a transition in Yb+, which is suspected to occur at
386.45566 nm.
Initially, a cloud of 174Yb+ are trapped. 369.5 nm and 935 nm CW
lasers are tuned to maximize the fluorescence so that Yb+ ions are visible
on the CCD camera. However, once the broadband light from pulse shaping
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Figure 5.12: Experimental test of the pulse shaping setup with the
home-made spectrometer. The black line corresponds to the case that
there is no amplitude modulation mask (razor blade) in the setup, and
the red one is the case with razor blade. It shows the resolution is 15
pixels.
setup illuminates Yb+ trapped ions, the ions suddenly become invisible on
the camera and the fluorescence detected by the PMT decreases fast (see
Figure 5.13. After about 2 to 5 min, the ions start scattering light and
become visible again.
To identify the unexpected transition, we scan the position of the ra-
zor blade in pulse shaping setup and hence scan the cut-off frequency of
broadband light. We notice the ions are driven in the dark state only
if the broadband light contains certain frequency. Using the home-made
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spectrometer to measure the broadband light, we find this frequency corre-
spond to 1640 pixel on the CCD chip, i.e., 386.78 nm according to Equation
5.10. However, there is no single photon transition around 386.78 nm for
Yb+. Besides, we notice only in the presence of 369.5 nm and 935 nm
laser beams, this transition will be driven (see Table 5.1). It implies that
two transitions are involved in this process: first Yb+ is excited to 2P1/2,
then driven to another state with a transition wavelength of about 386.78
nm. Refering to the NIST Atomic Spectra Database, from 2P1/2 state the
only electric dipole transition between 384 nm and 388 nm is the tran-
sition 2P1/2 → (7/2, 2)3/2 at 386.45566 nm, which matches well with the
wavelength measured by our home-made spectrometer.
369.5 nm 935 nm
369.5 nm × √
935 nm
√ ×
Table 5.1: Relation between the unexpected transition and the exis-
tences of 369.5 nm and 935 nm lights. In the absence of either 369.5
nm or 935 nm light, this transition can not be driven (
√
means the
transition is driven, and × means the transition is not driven).
After figuring out the unknown transition, we have three available wave-
lengths (386.45566 nm, 369.52490 nm and 398.90952 nm) to calibrate our
home-made spectrometer. At second order approximation, express wave-
length λ as function of focus position x on the CCD chip of the home-made
spectrometer:
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Figure 5.13: Change of fluorescence rate detected by PMT. About
1 mW of broadband light (central wavelength: 386 nm, bandwidth:
1.5 nm) is focused on Yb+ clouds with the beam waist of about 100
µm. Once 386 nm light illuminates the ions, the fluorescence rate drops
quickly.
λ = α + βx+ γx2 (5.11)
After substituting the focus positions x of 386.45566 nm, 369.52490
nm and 398.90952 nm light into Equation 5.11 and solving the equation




After more than two years’ work, the main experimental setup for state
preparation and detection of SiO+ has been completed, which is a signif-
icant step for the whole project. The main achievements of this work are
as follows:
(1) Our linear ion trap has been properly built. The 1 × 10−11 Torr
ultra low pressure indicates that our vacuum system is good enough for
typical ion trap experiments.
(2) 171Yb+ and SiO+ have been loaded by several methods.
(3) In our project, the two hyperfine states in the ground state of 171Yb+
form the atomic qubit. Quantum state initialization, manipulation and
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detection of a single 171Yb+ ion have been experimentally realized in our
group.
(4) An optical pulse shaping setup using a femto-second laser has been
built for rotational cooling of SiO+. The nonlinear crystal used to generate
second harmonic light induces spatial dispersion for the broadband light.
After passing through the crystal, beams with different wavelengths don’t
overlap any more. This problem can be solved by either using thin crystal
or lens with longer focal length at the expense of decreasing SHG conversion
efficiency. The 280 GHz pulse shaping resolution implies that our setup can
optically pump SiO+ to rotational state J ≈ 3 ∼ 4.
(5) A home-made spectrometer is used to measure the spectrum of the
shaped pulse. The transition in Yb+ driven by 369.5 nm light and 386.5
nm light can be used to calibrate the home-made spectrometer.
In our project, we plan to cool down the rotational degrees of free-
dom of SiO+ by optical pumping with spectrally shaped light, followed by
final state preparation with quantum logic technique using a pico-second
laser. Another interesting approach is the application of the quantum logic
technique using a femto-second mode-locked laser. Our Mira-900 pico-
second laser can be converted to femto-second version with a change of the
laser cavity setup. The bandwidths of some femto-second lasers can cover
the whole span of populated rotational states at room temperature, which
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equals to kBT/h ≈ 6 THz. Proper choice of the repetition rate allows driv-
ing several pairs of rotational states simultaneously [1], which can speed up
the cooling procedure. In this case, initial cooling by optical pumping may
not be required. In addition, our setup may also be suitable for precision
measurement, such as measuring the time variation of proton to electron
mass ratio. All the research directions are worth exploring in the future.
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Appendix
Figure 1: 369.5 nm laser system
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Appendix
Figure 2: Stimulated Raman transition setup
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Figure 3: Imaging system for the ion trap
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